Introduction
The existence of moduli fields, light neutral scalar fields which interact with other fields only with the strength of gravitational interaction, is ubiquitous in candidates of more fundamental theory like supergravity or string theory. Since they interact only with the strength of gravity, their life-time is long and their late decay might destroy the successful scenario of the big-bang nucleosynthesis (BBN). This is the so-called Polonyi problem or cosmological moduli problem [1, 2, 3, 4, 5, 6] . The problem can be circumvented if the mass of the lightest moduli field is larger than some 10 TeV scale so that the reheating temperature is higher than ∼ 1 MeV at which BBN starts [2] . Then, if the origin of the baryon number in the universe is the Affleck-Dine (AD) mechanism [7] , the dilution of the baryon number by the decay of the moduli field may correctly explain the baryon asymmetry of the universe [8] . Furthermore, if the non-thermal decay of the moduli field produces the wino-like lightest supersymmetric particles (LSPs), it may account for the cold dark matter abundance in the present universe [9] . Thus, a moduli field with O(10 − 10 2 TeV) mass combined with the AD baryogenesis may explain the baryon asymmetry and the dark matter abundance of the universe all together. Recently, it has been argued that string compactifications to four dimensions with stabilized moduli may generically have at least one moduli field with O(10 − 10 2 TeV) mass, and the above scenarios have been revisited from this view point [10, 11, 12, 13] . 1 It will be very interesting if O(10 − 10 2 TeV) mass moduli field can further explain other features of our universe.
In this paper, we examine whether O(10 − 10 2 TeV) mass moduli field can explain the primordial curvature perturbation as a curvaton [18, 19, 20, 21] . We assume weak-scale supersymmetry with gravity-mediated supersymmetry breaking, where the gravitino has O(10 − 10 2 TeV) mass. 2 In this case the moduli field also naturally has O(10 − 10 2 TeV) mass. Without special mechanisms, sfermions also acquire the mass of similar scale. However, if the field whose F-term dominates the supersymmetry breaking in the hidden sector is different from the field whose vacuum expectation value generates the gauge couplings, gaugino masses can be suppressed [23, 10, 11, 12, 24, 13] . We will be interested in the case where the LSP is wino-like, in order to explain the present cold dark matter abundance. The AD baryogenesis in the original oscillating curvaton scenario has been studied in [25] where it was found that the observational bound on the baryon isocurvature perturbation puts an important constraint. The constraint is severe when the curvaton is a moduli field, since there are natural mass scales for the moduli field and the AD scalar field in weak-scale supersymmetry scenarios. Interestingly, this constraint naturally leads us to consider the recently proposed inflating curvaton scenario [26] , as we explain in section 5. Our scenario for the baryon asymmetry of the universe has an important difference from the above mentioned scenario, and this difference is crucial for the suppression of the baryon isocurvature perturbation. Our scenario for the baryogenesis can be regarded as AD baryogenesis with a version of low-scale inflation with low reheating temperature [27, 28] . Before entering the main body, let us summarize our scenario for the history of the early universe. The relevant scales are: the Hubble expansion rate of the first inflation H 1 , the decay rate of the inflaton Γ I , the mass of the inflaton m I , the Hubble expansion rate of the second inflation H 2 , the mass of the inflating curvaton m σ , the mass of the AD scalar field m AD , the decay rate of the curvaton Γ σ ∼ m 3 σ /M 2 P . Here, M P is the reduced Planck scale:
The energy density of the AD scalar is always sub-dominant and its decay does not reheat the universe.
σ , the curvaton decays and reheats the universe. The cold dark matter is produced from the decay product of the curvaton.
The organization of this paper is as follows. In section 2, we discuss the inflating curvaton scenario, which corresponds to the epoch 1-5 above. In section 3 we discuss the AD baryogenesis in our scenario, which corresponds to the epoch 5-8. In section 4 we discuss the baryon isocurvature perturbation. In section 5, we review an issue in the AD baryogenesis in original oscillating curvaton scenario for a comparison. We end with summary and discussions in section 6. In appendix A we review the argument of [26] for why and under what conditions the inflating curvaton with a quadratic potential cannot dominate the primordial curvature perturbation. In appendix B we review the non-thermal production of the wino-like cold dark matter from the inflating curvaton decay, which corresponds to the epoch 8 above.
Inflating curvaton scenario
An interesting new scenario for the origin of the primordial curvature perturbation, named "inflating curvaton," was recently proposed in Ref. [26] . This scenario is radically different from the original oscillating curvaton scenario [18, 19, 20, 21] . As briefly reviewed in the introduction, in this scenario the curvaton starts to dominate the energy density while it is still slowly varying, giving a few e-folds of inflation before it starts to oscillate. In section 5 we will argue that the inflating curvaton scenario is quite natural when combined with the AD baryogenesis, considering the observational bound on baryon isocurvature perturbation. In the inflating curvaton scenario, cosmological scales are demanded to be outside the horizon at the time t 2 when the second inflation starts. Requiring that the shortest cosmological scale, say a region enclosing 10 4 solar masses, to be outside the horizon at the beginning of the second inflation, the e-folds N 2 required for the second inflation is given as [26, 29 ]
In this paper we consider the pseudo-Nambu-Goldstone boson (PNGB) type inflating curvaton potential considered in [26] :
For a moduli field, m σ ∼ m 3/2 and f ∼ M P would be quite natural and we will assume it to be the case in the following. We will discuss a constraint on f from the observations in section 4. With the above parameter region, H 2 ∼ m σ and thus the slow-roll condition is not satisfied; we are in the regime of the fast-roll inflation [30] . When π − σ/f ≪ 1, the potential (2.2) can be approximated as
When H is approximately constant:
the evolution of the curvaton field is described by the equatioñ
In the above, the dot denotes the derivative with respect to time t in the coordinate system
(2.5) can be solved by an ansatz
where we have set the initial condition when the second inflation starts as σ = σ 2 < πf at t = t 2 . The inflating curvaton rolls towards the origin σ = 0. Putting (2.8) into (2.5), we obtain
The solution with ω = ω − corresponds to the exponentially decreasing field which rapidly disappears, whereas the solution with ω = ω + corresponds to the exponentially growing field. Below we consider the ω = ω + solution:
where
The field value of the curvaton at the end of the second inflation σ(t e ) ≡ σ e may be well approximated by σ e ∼ πf /2. Then the number of e-folds by the second inflation is given by 13) thus
When σ ≪ πf /2, the potential (2.2) can be approximated as
The curvaton starts to oscillate when σ πf /2 and H ∼ m σ . Now let us discuss the primordial curvature perturbation. To the first order in the fluctuation of the energy density δρ, the primordial curvature perturbation ζ(k, t) is given as 16) where ρ is the energy density and p is the pressure. The second equality corresponds to the energy continuity conditionρ = −3H(ρ + p). Just from the conservation of the energy-momentum tensor one can show the conservation of the curvature perturbation when the pressure is a unique function of the energy density [31, 29] . In any curvaton scenario, ζ is generated while ρ = ρ σ + ρ r and p = p σ + p r , where ρ σ =σ 2 /2 + V σ (σ) and
are the curvaton contributions to the energy density and the pressure respectively, and ρ r and p r are those from the radiation. 3 Let us write 17) where h(t) ≡ (ρ σ +p σ )/(ρ+p) and 3ζ σ = δρ σ /(ρ σ +p σ ). There is supposed to be negligible exchange of energy between the two components, so that ζ σ is constant if p σ is a unique function of ρ σ . In inflating curvaton scenario, ζ σ becomes constant soon after the second inflation begins [26] . The second inflation dilutes the radiation and h(t) soon becomes close to 1. Thus we have
To the first order in δσ, δρ σ ∼ V ′ σ δσ. At the horizon exit during the inflation, δσ ∼ H 1 /2π. Writingσ(t 2 ) as a function of the field value of the curvaton at the horizon exitσ * during the first inflation:σ(t 2 ) = g(σ * ), the primordial curvature perturbation is given as
is also linear inσ. Putting g(σ) ∼σ and the curvaton potential (2.2), we obtain
This should be compared with the CMB normalization [32]
We will come back to the comparison with the CMB observation in section 4.
AD baryogenesis after the second inflation
In this section we study the AD baryogenesis taking place after the second inflation. We assume the AD scalar originates from the flat direction in the Minimal Supersymmetric Standard Model (MSSM) [33, 34] . The potential for the AD scalar φ is given by
where c, A and λ are order one constants, H is the Hubble expansion rate, and M is the UV cut-off scale. The sign in front of the quadratic part must be negative in order for the AD scalar to have large field value when it starts the spiral motion, which is required in the AD baryogenesis. The coefficient of the Hubble induced A-term A H can be order one or can be much suppressed, depending on the symmetry of the inflaton sector. While its magnitude does not affect the produced baryon number density, it is of crucial relevance for the baryon isocurvature perturbation [35, 36, 37, 38] . We will discuss it in some detail in section 4. We are interested in the case A H ≪ 1, and consider this case in the following.
During the second inflation, the AD scalar stays at the minimum of the potential (3.1). We first assume
From (2.4), for f ∼ M P , we have H 2 ∼ m σ . In section 4 we will see that f is bounded from above as f 5M P by the upper bound on the e-folds of the second inflation, see (4.10). We also assume that the effects of A-terms to the minimum of the potential of the AD scalar φ is smaller than those from the other terms during the second inflation. This assumption amounts to
2) and (3.3) may be satisfied with moderately large c. For example, when f = √ 6M P and H 2 = m σ ∼ 2m 3/2 ∼ 2m AD , A ∼ 1 and p = 9 which are the parameter set we will use later, (3.3) reads
which may be realized with the order one coefficient c. With the same parameter set, (3.2) can be also satisfied. With the above assumptions, the field value during the second inflation can be estimated as
The baryon number density n B is given by
where q is the baryon number carried by the AD scalar φ and the dot denotes the derivative with respect to time t in the coordinate system (2.7). The evolution of the baryon number density follows from the equation of motion of φ and is given bẏ
where V A (φ) is the A-term part of the AD scalar potential (3.1):
Since we are interested in the case A H ≪ 1, we will neglect the Hubble induced Aterm in the following. Then, during the second inflation the angular part of the complex scalar φ will take random value. When H ∼ m σ and σ πf /2, the inflating curvaton starts to oscillate and the energy density of the universe is dominated by the curvaton matter. When H ∼ m AD , (3.3) is no longer satisfied. Then, the potential for the angular direction from the A-term becomes relevant and the AD scalar starts a spiral motion. By multiplying a 3 (t) (a(t) is the scale factor in (2.7)) to (3.7) and integrating with respect to the time t, we obtain
The contribution from the second term of (3 .9) 
p−2 in the matter dominant universe and it also makes the contribution from this term small. Therefore, the baryon number density is produced dominantly at the onset of the spiral move t sp . Since a ∝ t 2/3 in the matter dominant universe, the integrand of the first term of (3.9) is proportional to t p−4 p−2 . Then the integration gives
Here, we set the initial condition for the baryon number density to be zero at the end of the second inflation. From a ∝ t 2/3 and H =ȧ/a ∼ 2 3 t −1 in the matter dominant universe, (3.10) becomes
where we have parametrized the phase part of the AD scalar by θ: φ = |φ|e iθ , and θ sp is the value of θ when the AD scalar starts the spiral motion. |φ sp | is defined with (3.5) as
(3.12)
The ratio of the baryon density to AD scalar at this epoch is given by
When the Hubble expansion rate becomes much less than m AD , the baryon number of the condensate is frozen, and later be converted to the baryon asymmetry. As we check later, the energy density of the AD scalar is always sub-dominant and its decay does not 
where the factor Γ σ /m AD comes from the expansion of the universe in the matter dominance: a ∝ t 2/3 . After the curvaton decay, the curvaton energy is converted to the radiation with reheating temperature T R . We make an approximation that the curvaton energy density is instantaneously transferred to the energy density of radiation at t ∼ Γ
where g * (T ) is the effective number of the contribution of the massless degrees of freedom to the energy density at temperature T . From (3.15) we obtain
The entropy density at this epoch is estimated as
The baryon number to entropy ratio at the time of the reheating is given by
In our scenario there is no further entropy production at later stage and the baryon to entropy ratio (3.18) is fixed until today. To estimate (3.18), let us be little bit more precise about the decay rate Γ σ . The precise number is model dependent and here we choose 20) gives the correct order of the baryon to entropy ratio of the present universe 9 × 10 −11 for the representative parameter set.
We need relatively large p to account for the present baryon asymmetry of the universe. This is because the reheating temperature, which depends on the moduli curvaton mass ∼ O(10 − 10 2 TeV), is relatively low in our scenario. The choice p = 9 has a good reason, since larger p gives larger φ sp and thus gives larger contribution to the baryon number, and p = 9 is the maximal p in MSSM [39] .
In the above we assumed that the energy density of the AD scalar is always subdominant. This can be easily checked to be the case. When the AD scalar starts to oscillate, the energy density of the universe is given by
On the other hand, the energy density of the AD scalar is given by 22) where the last line is satisfied when m AD is sufficiently smaller than M.
In the analysis so far, we were assuming that the AD condensate evolves homogeneously after it formed. In general, there is a possibility that the AD condensate becomes unstable with respect to spacial perturbations and turns into non-topological solitons called Q-balls [40, 41, 42, 43, 44] . If Q-balls are formed, our scenario for the evolution of the universe may need to be modified. However, while we have not made detailed analysis, it seems likely that Q-balls are not formed in our preferred parameter region m AD ≫ m 1/2 , where m 1/2 is the mass scale for the gauginos [45] . In order for the Q-balls to be formed, it is necessary that the potential for the AD scalar is flatter than |φ| 2 at large field values. After taking account the one-loop correction, the potential for the AD scalar looks like
where the coefficient K is determined from the renormalization group equations, see e.g. [46, 43, 47] . Loops containing gauginos make a negative contribution proportional to m 2 1/2 , while loops containing sfermions make a positive contribution proportional to m 2 AD . Thus when the spectrum is such that the gauginos are much lighter than the sfermions i.e. m AD ≫ m 1/2 , which is the case of our interest, K is likely to be positive and thus Q-balls will not be formed. More complete analysis of the Q-balls is beyond the scope of the current paper and is left to the future investigations.
Baryon isocurvature perturbation
As we mentioned in section 3, while the baryon number density is not affected much by the Hubble induced A-term, the magnitude of the coefficient A H of the Hubble-induced A-term is crucially relevant for the uncorrelated baryon isocurvature perturbation [35, 36, 37, 38] : If there is no sizable Hubble-induced A-term, the phase part of the AD scalar is effectively massless during the first inflation and acquires quantum fluctuations, which leads to uncorrelated baryon isocurvature perturbation. Below we study this case, i.e. A H ≪ 1 in eq.(3.1). If the Hubble induced A-term is sizable, there is no uncorrelated baryon isocurvature perturbation and the observational bound on it does not put any constraint on our model.
Since the curvaton dominates the energy density when the baryon number is generated, the baryon number to entropy density ratio (3.18) does not depend on the curvaton field fluctuations. Therefore, no correlated baryon isocurvature perturbation is produced in our scenario. This is an important difference from the AD baryogenesis in the original oscillating curvaton scenario, as we discuss in section 5.
At the horizon exit during the first inflation, the phase part of the AD scalar acquires fluctuation:
where φ 1 is the field value of the AD scalar during the first inflation. It is given by φ 1 ≡ φ min (H 1 ), where φ min (H) is given in (3.5). The baryon isocurvature perturbation S B is defined as
Here, ρ B and ρ γ are the present energy density of baryons and photons, respectively. We have used ρ 3/4 γ ∝ s in the above. Substituting (3.18) (with (3.13)) into (4.2), we obtain
We assume that the curvature perturbation is dominantly from the curvaton. Then, from (4.1) we can estimate the uncorrelated isocurvature perturbation
(4.4)
In the first line we assumed cot[pθ sp + arg(A)] ∼ O(1), though one should keep in mind that the | cot | function can take any value between [0, ∞]. The baryon isocurvature perturbation is constrained by the current observational bound on the matter isocurvature perturbation [32] :
where we have used α 0 < 0.08. Here, we have used ρ B /ρ c = Ω B /Ω c ∼ 0.2. For p = 9 and M ∼ M P , by comparing (4.4) and (4.5) we obtain an upper bound on H 1 :
Let us study the implication of this bound to the inflating curvaton model discussed in section 2. Putting (4.6) to (2.21) we obtain
We made clear thatσ c (f ) depends on f through H 2 and F . Putting (4.7) to (2.14) we obtain
On the other hand, since H 2 ∼ m σ , from (2.1) we have N 2 36. Thus (4.9) leads to an upper bound on f . The right hand side of (4.9) is slightly complicated function of f , but numerically solving it we obtained
On the other hand, for a successful AD baryogenesis we require H 2 > m AD . Then from (2.4) we obtain
In order that there is an allowed region for f we need
This condition is satisfied in our scenario, since we assume m σ > m AD as summarized in the introduction.
Going in the opposite direction, if we set the ratio m AD /m σ , we obtain a theoretical constraint on uncorrelated baryon isocurvature perturbation in our model. However, this bound terns out to be very mild, practically giving no constraint: For the case m AD /m σ ∼ 0.5, we numerically obtained the bound
This is an extremely mild constraint since the lower bound would not be detectable in a foreseeable future. Note that this is just a lower bound, meaning the the baryon isocurvature perturbation above the bound might be detected in the future observation.
An issue in the oscillating moduli curvaton scenario with AD baryogenesis
In this section we review an issue in the AD baryogenesis in the original oscillating curvaton scenario, when the curvaton is a moduli field [25] (see also [48] ). Then we argue that this issue naturally leads us to consider the AD baryogenesis in the inflating curvaton scenario. In this section we will use the same notation for the curvaton and related variables as before, but notice that we are discussing a different scenario in this section. It will not cause any confusion if the readers keep in mind that the oscillating curvaton scenario is discussed only in this section.
In the oscillating curvaton scenario, it is assumed that when the curvaton starts to oscillate i.e. H ∼ m σ , the universe is dominated from the radiation whose energy density is
while the energy density of the curvaton is given by
where σ o is the field value of the curvaton at this moment. Here, we consider the quadratic potential for the curvaton:
which is most popular in the oscillating curvaton models, instead of (2.2). We write the scale factor at this moment as a o . From (5.1) and (5.2), by assuming that the radiation dominates the energy density of the universe at this epoch, i.e. ρ r,o ρ σ,o , we have
After this epoch, the energy density of the curvaton matter decreases as ρ σ (a) ∝ a −3 , whereas that of the radiation decreases as ρ r (a) ∝ a −4 , where a is the scale factor (see (2.7)). Thus the subsequent evolution is given as
From (5.5), a eq when the energy density of the curvaton and that of the radiation become equal is given by
At this moment the energy density of the curvaton is given by
At the time of the radiation-curvaton equality, the expansion rate H eq is obtained from
The correlated baryon isocurvature perturbation crucially depends on whether which of the following cases is realized [25] :
1. The AD field starts to oscillate when the radiation is dominant.
2. The AD field starts to oscillate when the curvaton is dominant.
Whether which case is realized depends on whether the mass of the AD field m AD is bigger or smaller than H eq : If H eq m AD , the case 1 is realized while H eq m AD , the case 2 is realized. Using (5.9), these conditions can be rewritten as
: case 1 (5.10)
: case 2 (5.11)
Let us first look at the case 1. As we have seen in section 3, the baryon number is dominantly generated at the time when the AD scalar starts the spiral motion, H ∼ m AD . The curvaton number density at this epoch is n σ = m σ σ sp 2 /2, where σ sp is the curvaton field value at this epoch. Thus the baryon to curvaton number density ratio is proportional to n −1 σ ∝ σ sp −2 . In the case 1, σ sp ∝ σ o ∝ σ * , where σ * is the field value of the curvaton at the horizon exit. The baryon to curvaton ratio is converted into the baryon to entropy ratio when the curvaton decays, and it is fixed until today if there is no entropy production at later time. Thus in this case we have a correlated isocurvature perturbation [25] 
In the oscillating curvaton scenario with the quadratic potential (5.3), δσ * is given by
Here, H 1 is the Hubble parameter at the inflationary stage. Assuming that the primordial curvature perturbation is dominantly produced by the curvaton, H 1 is related to σ * through the CMB normalization:
From (5.12), (5.13) and (5.14) we obtain
This is one order above the current observational bound [32] 
where we have used α −1 < 0.005. Thus the case 1 is excluded by the observation.
On the other hand, in the case 2, after the curvaton becomes dominant in the energy density of the universe, the Hubble parameter is determined by the curvaton field value, and vice versa. Put it differently, after the curvaton dominates the energy density, in the gauge where on each time slice the energy density is spatially uniform, the curvaton density is also spatially uniform. In this gauge, the baryon number is also produced uniformly. Thus the baryon to curvaton ratio does not depend on the fluctuation of the curvaton. The baryon to curvaton ratio is later converted to baryon to entropy ratio when the curvaton decays, thus there is no correlated isocurvature perturbation.
From (5.11), the case 2 may be realized by the following two ways: We do not have an analytical control in the transition region between the case 1 (5.10) and case 2 (5.11), which corresponds to the region around σ o /(
Therefore, one may wonder whether there is an window in the region (5.19) which is not ruled out by the observational bound on the correlated baryon isocurvature perturbation. However, according to the numerical analysis in [25] with the updated WMAP data [32] , the region (5.19) seems to be ruled out.
We have seen that even if we assume the maximal hierarchy between m σ and m AD m AD /m σ ∼ 10 −3 which can be naturally realized in the weak-scale supersymmetry scenario to achieve (5.18), the oscillating curvaton scenario is severely constrained, if not ruled out, by the observational bound on the baryon isocurvature perturbation. Actually, as mentioned in the footnote 2 and can be understood from the analysis in section 3, with the mass scales natural in the anomaly mediation the AD baryogenesis does not work as in the gravity mediation case. Thus we considered m σ ∼ 2m AD as our reference in the previous sections, which is natural in the gravity mediation. This case is clearly ruled out by the observational bound on the baryon isocurvature perturbation. While the lower bound in (5.19) is closely tied with the observations and is hard to avoid, the upper bound is just a condition in order to stay in a particular scenario, namely the oscillating curvaton scenario: The upper bound in (5.19) came from the assumption that the radiation dominates the energy density of the universe when the curvaton starts to oscillate, (5.4). Thus this bound can be relaxed if we assume instead that the energy density of the curvaton is comparable or larger than that of the radiation at the time when the curvaton starts to oscillate. However, in this case the curvaton energy density before its oscillation may cause the second stage of inflation and the scenario would need to be modified considerably. This situation may better be studied in the framework of the inflating curvaton scenario, which is the main focus of the current paper.
Summary and discussions
The main results of this paper can be summarized as follows:
1. The AD baryogenesis in the inflating curvaton scenario is consistent with the observational bound on baryon isocurvature perturbation. Note that as explained in section 5, the observational bound on correlated baryon isocurvature perturbation severely constrains the AD baryogensis in the original oscillating curvaton scenario when the curvaton is a moduli field.
2. The moduli field with O(10−10 2 TeV) mass plays multiple key roles in our scenario.
It explains the primordial curvature perturbation as well as the baryon density and the cold dark matter density of the present universe (see appendix B for the cold dark matter part).
It will be interesting to realize our scenario in a controlled string compactification with stabilized moduli, which will predict more precise values for the physical input parameters. It will also be interesting to examine whether such O(10 − 10 2 TeV) mass moduli field exists in a large class of four-dimensional compactifications of string theory with stabilized moduli [12] .
Here, V (I, σ, . . .) is the total potential for the inflaton I of the first inflation, the curvaton and other scalar fields in the model. The subscripts 1 mean they are the values during the first inflation. The right hand side of (A.1) is evaluated at the horizon exit k = aH. The observation gives n − 1 ∼ 0.04 [32] . In many models the last two terms in (A.1) are negligible. Even when they are not negligible, it is unlikely that the terms in the right hand side of (A.1) cancel accurately so that they give the value in the observed tilt. Thus we obtain
Assuming that the inflaton has a canonical kinetic term, the contribution to the primordial curvature perturbation from the inflaton is given by
On the other hand, when the curvaton also has a canonical kinetic term, in order to realize the second inflation we should require the slow-roll condition ǫ H2 ∼ ǫ 2 ≡ M 2 P (V ′ /V ) 2 ≪ 1.
In this case, the contribution to the primordial curvature perturbation from the curvaton is given by
Thus we obtain the ratio
where we have used σ 2 = g(σ * ) ∝ σ * . Since the curvaton rolls down slowly during the first and the second inflation, there should not be much difference between σ 2 and σ * , σ 2 /σ * 1. Thus from (2.1) and (A.3), we obtain
From (A.7) we conclude that with the naturalness argument above eq.(A.3), the inflating curvaton with a quadratic potential cannot dominate the primordial curvature perturbation when both the inflaton and the curvaton have canonical kinetic terms.
B Non-thermal production of the cold dark matter
For completeness, in this appendix we review the non-thermal production of the cold dark matter density [9] (see also [50, 10, 11, 12, 13, 51] ) and confirm that it is realized in our model. The moduli field couples to other fields universally with the strength of the gravitational interaction, thus it decays to the superpartners with a large branching ratio. Each of these superpartners eventually decay to an LSP. When the branching ratio is order one, the LSP to entropy ratio is roughly the same order with the curvaton to entropy ratio before the curvaton decay. 5 It can be calculated in a similar way to the baryon to entropy ratio (3.18) and is given by
Here, we have approximated the inflating curvaton potential with the quadratic potential (2.15) when H ∼ m AD . The produced LSPs undergo an out-of equilibrium annihilation if the self-annihilation rate is larger than the expansion rate: n χ v rel σ > H. This amounts to the following condition:
For the mass of the LSP m χ ∼ 100 GeV the cross section of the wino of this mass v rel σ ∼ 3 × 10 −7 GeV −2 [9] . Then for m σ ∼ 150TeV the abundance is too large, i.e. gives the correct order for the present dark matter to critical density ratio Ω c h −2 = 0.11
for the representative set of parameters.
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